The time evolution of the photoluminescence (PL) of 1300-nm emitting InGaAsN/ GaAs/GaAsP strain-compensated single quantum well (QW) in the temperature range of T ¼ 10 K À 300 K is investigated. The PL spectra observed at the early stages of carrier recombination is dominated by two transitions. These two transitions are identified as the first quantized electron state to heavy-hole state (e1-hh1) and electron to light-hole state (e1-lh1) from the analysis of polarized photocurrent measurements in combination with k Á p simulation of the band structure. At longer time delays, the dilute-nitride QW exhibits carrier localization at low temperatures and faster recombination time at higher temperatures. The PL dynamics characteristics observed in the InGaAsN QW are different from those measured from the InGaAs QW.
Introduction
Dilute-nitride quantum wells (QWs) have been instrumental for realizing alloys with band gaps around 0.95 eV at room temperature suitable for enabling the uncooled telecom laser diodes emitting at $1300 nm or beyond [1] - [10] . Significant progress has been accomplished in the field of dilute-nitride laser research during the past several years, particularly for achieving low-threshold dilute-nitride lasers [1] - [10] , understanding and optimizing the high-temperature characteristics [11] - [17] , understanding the recombination and gain characteristics [18] - [26] , and investigating the high-speed performance [27] - [32] of the laser devices employing InGaAsN(Sb) QW active regions.
The use of strain-compensated InGaAsN QW with GaAsP barrier layers had resulted in very low threshold current density for laser devices emitting in the 1300-nm and 1400-nm spectral regimes [9] , [10] . Though low-threshold current density devices have been realized for dilute-nitride lasers in the 1300-to 1400-nm spectral regime, several key issues still remain of great interest to improve the temperature insensitivity of the threshold current at elevated temperature, as well as to improve the understanding of the effect of nitrogen incorporation into the InGaAsN QW on the optical response of the materials [33] - [36] . The improved insight into the physical origin of optical transitions and their dynamics is important, as this can shed light onto the understanding on the mechanism for achieving efficient optical emission. Although there were prior works on characterizations of emission lines in steady-state photoluminescence (PL) measurements [37] - [46] , as of yet, no complete work has been accomplished on the study of corresponding recombination dynamics, which intends to provide input for new approaches toward the improvement of material quality.
In this paper, we have investigated the carrier recombination dynamics of InGaAs and InGaAsN QWs, particularly to understand the effect of the nitrogen incorporation on the recombination dynamics in the QW. Here, we performed a comprehensive study of the spectrally and temporarily resolved PL in the temperature range of T ¼ 10 K À 300 K. The spectrally resolved PL, in addition to the e1-hh1 QW ground state, shows a higher energy emission line and is univocally characterized as the first quantized electron state to light-hole state (e1-lh1) transition. Time-resolved PL indicates that, at early stages after photoexcitation, carrier recombination takes place simultaneously for both light hole and heavy hole states. The simultaneous e1-hh1 and e1-lh1 transitions at the early stages of the photoexcitation are more severe in the InGaAsN QW. At longer time delays, the dilute-nitride QW exhibits carrier localization at low temperatures and faster recombination lifetime at higher temperatures. The behavior of the InGaAsN QW is in contrast to that measured in the InGaAs QW, of which the localization is absent at low temperature and the carrier lifetime increases with temperature as expected when radiative recombination dominates.
Experimental Works
Two strain-compensated InGaAs(N) single QW structures with 0 and 0.5% nitrogen content were investigated. Both samples were grown on a GaAs substrate by low-pressure (200 mbar) and lowtemperature (530 C) metal-organic chemical vapor deposition (MOCVD) [9] . The QW structure consists of a 6-nm In 0:4 Ga 0:6 As 0:995 N 0:005 ðIn 0:4 Ga 0:6 AsÞ single-QW active layer sandwiched by 300-nm GaAs barrier. The lower and upper cladding layers are based on n-Al 0:85 Ga 0:15 As and p-In 0:48 Ga 0:52 P, respectively. Partial strain compensation of the highly compressively strained QW was achieved by utilizing a 7.5-nm-thick GaAs 0:85 P 0:15 tensile strain layers offset 10 nm from the QW. The threshold current densities of the 1300-nm emitting InGaAsN QW and 1200-nm emitting InGaAs QW broad area lasers were 220 A/cm 2 and 75 A/cm 2 , respectively [2] , [9] . For the spectrally resolved steady-state PL measurement, the QW samples were mounted on the cold finger of a closed-cycle Helium cryostat that allows varying the temperature from T ¼ 10 K to T ¼ 300 K. The PL was excited by a mode-locked Ti: sapphire laser-emitting 800-nm pulses with 100-fs duration and 82-MHz repetition rate. The fluence of the photoexcited carrier density at the sample was varied from 2 Â 10 10 cm À2 to 2 Â 10 12 cm À2 by attenuating the pump beam. For these excitation conditions, the photoexcited carriers were mainly created in the GaAs layer and then captured into the well; however, these photoexcited carrier densities are not high enough to cause significant band filling in the barrier region. The PL signal was detected by a nitrogen-cooled InGaAs detector through a spectrometer with a spectral resolution of 0.2 nm. The temporal evolution of the PL spectra was obtained using a luminescence upconversion technique. In this method, the Ti-sapphire pulses are divided into two trains of pulses. One pump beam is used to excite the sample, and the other beam travels through a delay line and is focused onto a 250 m-thick betabarium-borate (BBO) crystal coincident with the focused PL to generate the upconversion signal. The upconverted signal is spectrally resolved using a 0.3-m spectrometer and detected by a charge-coupled device (CCD). The temporal evolution is realized by changing the delay [47] , and the time and spectral resolution of this process are mainly limited by the pulsed duration, $100 fs, and the spectral width, i.e., 9 meV, of the gating laser pulses.
To univocally identify the origin of the different PL transitions, polarization sensitive photocurrent (PC) measurements were performed at room temperature in InGaAs(N)/GaAs broad area lasers identical to the structures used for PL measurements. The edge of the lasers was excited with a tungsten halogen lamp dispersed via a 0.75-m monochromator, and the current generated in the laser diode due to the facet illumination was recorded using lock-in technique.
Results and DiscussionVAnalysis
The normalized PL spectra of InGaAsN ðN ¼ 0; 0:5%Þ is shown in Fig. 1 in the temperature range of T ¼ 10 K À 300 K. The photoexcited carrier density is 1 Â 10 12 cm À2 , which is close to the carrier density at threshold in device operation. The spectra contain two features, a more intense low energy peak, and a weaker higher energy peak. The lower energy peak corresponds to the QW band-gap transition, i.e., the first confined electron to first confined hole state (e1-hh1). In InGaAsN QW, the higher energy peak is separated from the lower energy peak by 120 (130) meV. The higher energy peak is assigned to the first confined electron to first confined light hole state (e1-lh1) transition, and this e1-lh1 transition was independently confirmed from the analysis of the polarization-dependent PC signal of InGaAsN QW and InGaAs QW samples. As shown in Fig. 2 , the higher energy transition is predominantly TM-polarized, as expected from the selection rules governing optical transitions in QWs [48] . The weak presence of e1-hh1 transition in the TMpolarized PC spectra is likely due to symmetry breaking arising from the built-in junction field estimated to be $84 KV/cm.
The ten-band k Á p calculations [49] that take into account the effect of the GaAsP straincompensated layer provide further evidence on the origin of the higher energy peak being the e1-lh1 transition in InGaAs QW and InGaAsN QW, as shown in Table 1 . Note that the ten-band k Á p calculation [49] in Table 1 takes into consideration the GaAsP barrier layers in the analysis, and this model for III-V semiconductor QWs used here is similar to the approach described in [50] and [51] . These results agree with recent assignments from similar polarized edge-emission PL measurements [37] . In addition, our results also show that the e1-lh1 transitions clearly have 2-D properties despite the relatively low occupation of carriers in those lh1 states. We next focus in the temperature dependence of the PL peaks. As shown in Figs. 1 and 3 , the e1-hh1 PL peaks in both InGaAsN QW and InGaAs QW have almost identical temperature behavior except below T $ 80 K. In InGaAs QW, the (e1-hh1) PL emission follows the well-known behavior described by the Varshni equation [52] . In InGaAsN QW, the Varshni-like behavior is observed above $80 K. In contrast, at lower temperatures, the S-shape behavior, already documented in the literature and associated with the trapping and detrapping of excitons to localized excitonic states [53] , is observed.
The time-resolved spectra obtained from the upconversion experiments provided the means to investigate the carrier dynamics of the e1-hh1 and e1-lh1 transitions at early stages following photoexcitation [54] . A sequence of spectra taken at different delays for InGaAsN QW at T ¼ 25 K and T ¼ 300 K are shown in Fig. 4(a) and (b), while Fig. 4(c) shows the corresponding plot for InGaAs QW at T ¼ 300 K for comparison purposes [54] . At T ¼ 25 K, the e1-hh1 PL emission in InGaAsN QW [see Fig. 4(a) ] shows a monotonous red shift of $30 meV taking place in the first $1.2 ns, which is further evidence of carrier localization that is also described by the S-shape variation of the band gap with temperature. This redshift decreases as temperature increases, and the redshift characteristic is absent for all the measurements at room temperature [see Fig. 4(b) ]. No localization effects are observed in InGaAs QW in the whole temperature range, which agree well with the findings shown in Fig. 3 .
The dynamics of the PL spectra in Fig. 4 (a) and (b) also showed that the higher energy e1-lh1 transition in InGaAsN QW is characterized by a shorter lifetime of $600 ps ($300 ps) versus $2000 ps ($700 ps) for the e1-hh1 transition at T ¼ 25 K ðT ¼ 300 KÞ, respectively. This finding is not surprising, as the light hole band in InGaAsN QW is barely confined, and this is affected by hole leakage to the barriers. Recent works [54] based on time-resolved two-color pump-probe transmission measurements had also shown a significant increase in thermionic carrier escape rate in InGaAsN-based QWs. In contrast, for InGaAs QW [see Fig. 4(c) ], the e1-lh1 emission lifetime at room temperature is relatively long, i.e., $1500 ps, comparable with e1-hh1 transition lifetime of $2000 ps, which suggest a much better confinement of the light hole state in the InGaAs QW.
Summary
In summary, both e1-hh1 and e1-lh1 transitions in InGaAsN QW and InGaAs QW have been found to be populated with medium to high excitation intensity for measurements from T ¼ 10 K À 300 K. The carrier dynamic process of the e1-lh1 transition is faster in InGaAsN QW, in comparison with its corresponding e1-h11 transition lifetime. In contrast, the transition lifetime of e1-lh1 for InGaAs QW is found as comparable with that of its corresponding e1-hh1 transition. Our paper also shows that the incorporation of nitrogen in the InGaAsN QW leads to carrier localization in the lowest energy state, which is strong at low temperature, persisting a long localized lifetime, and decreases as temperature increases. The improved understanding of the carrier recombination in the MOCVDgrown InGaAsN QW will be useful for further optimization of the threshold characteristics for these laser devices.
